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ABSTRACT 

A  GLOBAL  ANALYSIS  AND  CORRELATION  OF  NIMBUS  7 
CLOUD  AND  LONGWAVE  RADIATION  DATA 

^  Cloud  data  obtained  from  the  Temperature  Humidity  Infrared  Radiometer  and  Total 
Ozone  Mapping  Spectrometer  and  longwave  radiation  obtained  from  the  Earth  Radiation 
✓ — Budget  instrument,  all  aboard  the  NIMBUS  7  satellite,  have  been  used  to  present  global 
analyses  of  the  total  cloud,  high  cloud  and  radiation  fields  and  a  correlation  between  the 
fields.  The  horizontal  projections  of  the  seasonal  mean  field  for  total  and  high  cloud  clearly 
depict  the  location  and  seasonal  variation  of  the  ITCZ  by  a  maximum  of  cloud  cover. 
The  SH  middle  latitudes  depict  a  zonal  pattern  of  cloud  amount  for  winter  and  summer, 
while  the  NH  reveals  an  increase  of  cloud  from  summer  to  winter  over  the  storm  tracks. 
The  dry  subtropics  are  defined  by  a  minimum  of  cloud  cover.  Areas  of  small  or  large 
amount  of  total  cloud  are  defined  by  a  small  standard  deviation,  while  the  transition  zones 
between  maximum  and  minimum  centers  of  total  cloud  are  characterized  by  a  large  standard 
deviation.  The  standard  deviation  of  the  high  cloud  reveals  that  in  areas  of  large  high  cloud 
amount,  the  variation  of  cloud  is  large  due  to  the  advective  or  convective  processes  with 
which  the  cloud  is  associated.  For  small  amount  of  high  cloud,  the  variation  of  the  cloud  is 
small. 

Analyses  of  the  global  distribution  of  the  seasonal  mean  field  for  infrared  radiation  (IR) 
indicate  that  areas  that  are  defined  by  large  high  cloud  amount  are  also  characterized  by  low 
IR  due  to  the  low  radiative  temperatures  of  the  high  cloud.  Large  IR  values  correspond  to 
the  subtropical  anticyclone  and  desert  regions  where  the  IR  is  related  to  the  large  radiative 
temperatures  of  the  earth’s  surface.  The  middle  latitudes  are  defined  by  a  zonal  patera 
of  IR  in  winter  corresponding  to  the  large  north-south  surface  temperature  gradient.  The 
standard  deviation  field  of  IR  indicates  that  in  the  cloudy  regions  of  the  low  latitudes, 
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there  is  a  large  variation  of  IR  responding  to  the  large  variation  in  high  cloudiness.  The 
dry  subtropical  regions  are  defined  by  a  small  IR  variation.  In  the  middle  latitudes  the 
standard  deviation  of  IR  is  not  well  defined,  but  there  is  a  slight  increase  of  values  over  the 
storm  tracks. 

Regression  analyses  between  the  mean  fields  of  IR  and  high  cloud  indicate  the  expected 
negative  linear  correlation  in  a  region  of  the  graph.  However,  a  secondary  “branch”  emerges 
in  the  diagram  relating  low  IR  values  to  low  high  cloud  amounts.  These  points  represent 
the  middle  latitudes  where  low  IR  values  are  a  result  of  the  low  surface  temperatures  at 
these  latitudes,  not  only  of  the  high  cloud  amount.  The  regression  analyses  between  the 
standard  deviation  fields  of  IR  and  high  cloud  indicate  the  expected  positive  correlation  but 
with  a  bulge  of  data  points  disrupting  the  linear  trend.  These  points  represent  the  middle 
latitudes  where  the  variation  of  IR  is  a  result  of  the  variation  of  emitted  radiation  from  the 
surface  as  well  as  the  high  cloud. 

The  difference  between  determined  maximum  IR  values,  corresponding  to  days  of  mini¬ 
mum  total  cloud  cover  found  over  a  region,  and  measured  IR  values  results  in  the  IR  emitted 
by  the  doud  itself  (A  IR).  Regression  analyses  between  IR  and  total  doud  for  low  latitude 
regions  of  cloud  transition  zones  present  a  nearly  poistive  linear  trend.  These  areas  are 
characterized  by  a  large  variation  in  doud,  and  the  doud  IR  responds  to  this  variation. 
The  regression  analyses  in  dry  regions  of  the  low  latitudes  depict  a  duster  of  data  points 
corresponding  to  low  doud  amount  and  low  values  of  ER  emitted  by  the  doud.  This  in¬ 
dicates  that  the  determined  maximum  IR  is  very  near  the  maximum  possible  IR  and  that 
there  is  a  small  variation  of  doud  and  IR.  Cloudy  regions  of  the  low  latitudes  depict,  in 
part,  a  positive  corrdation  between  total  doud  and  AIR  but  also  indicate  small  amount 
of  IR  emitted  by  doud  correlated  with  large  doud  amounts.  This  is  a  result  of  a  decrease 
in  high  doud  amount  (small  AIR)  but  with  a  large  amount  of  lower  altitude  doud  still 
present. 


Deanna  Rita  Ramirez 
Department  of  Atmospheric  Sdence 
Colorado  State  University 
Fort  Collins,  Colorado  80523 
Summer,  1988 
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1.0  INTRODUCTION 


Knowledge  of  the  global  cloud  cover  is  of  key  importance  in  understanding  the  Earth 
Radiation  Budget  and  climate  change.  The  largest  day  to  day  variations  of  albedo  and 
outgoing  longwave  radiation  from  the  earth- atmosphere  system  are  strongly  dependent  on 
the  variation  in  cloud  cover.  Numerous  studies,  both  qualitative  and  quantitative,  have 
been  performed  to  examine  the  relationship  between  cloud  parameters  and  the  radiation 
budget.  The  results  of  some  of  these  studies  have  been  questioned  due  to  uncertainties 
in  observational  data  used  in  determining  cloud  parameters  and  deriving  or  validating  the 
relationship  between  clouds  and  radiation. 

When  the  NIMBUS  7  satellite  was  launched  in  October  1978,  for  the  first  time  cloud 
parameters  and  radiation  parameters  could  be  determined  simultaneously  by  separate  in¬ 
struments  on  the  same  satellite.  Radiation  data  was  obtained  by  the  Earth  Radiation  Bud¬ 
get  (ERB)  Experiment  instrument,  and,  initially  only  the  Temperature  Humidity  Infrared 
Radiometer  (THLR)  was  used  to  determine  cloud  fields.  However,  after  evaluation  of  the 
cloud  parameters,  data  from  the  Total  Ozone  Mapping  Spectrometer  (TOMS)  instrument 
was  used  to  improve  the  cloud  estimates. 

The  aim  of  many  investigations  between  cloud  and  radiation  parameters  is  to  present  the 
effect  of  cloud  amount  on  changes  in  the  net  radiation.  However,  my  study  is  limited  to  the 
correlation  of  longwave  flux  with  total  and  high  altitude  cloud.  The  purpose  of  my  study  is 
two-fold.  First,  I  examine  the  cloud  estimation  algorithms  and  analyze  the  resulting  global 
cloud  product.  Second,  I  examine  the  response  of  longwave  radiation  due  to  variation  in 
cloud. 

An  initial  attempt  of  studying  the  effects  of  middle  and  low  altitude  cloud  on  radia¬ 


tion  parameters  was  disgarded  because  of  inadequate  satellite  determinations  of  the  lower 
altitude  cloud  cover. 
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2.0  CLOUD  DATA  SET 

2.1  Data  Sources 

Data  used  in  the  cloud  algorithms  is  acquired  from  two  sources  The  satellite  data  used  is 
obtained  from  instruments  aboard  the  NIMBUS  7  satellite.  The  NIMBUS  7  was  launched 
in  October  1978  and  set  into  a  sun  synchronous,  polar  orbit  with  an  altitude  of  955  km. 
The  ascending  node  (AN)  data  originates  from  satellite  equatorial  crossings  at  local  noon, 
and  descending  node  (DN)  data  is  from  equatorial  crossings  at  local  midnight.  Data  for  this 
paper  includes  only  that  from  the  AN.  Auxilary  data  used  was  obtained  from  an  automated 
cloud  analysis  model  developed  by  the  Air  Force. 

2.1.1  Satellite  Data 

Infrared  (IR)  radiances  were  obtained  from  the  NIMBUS  7  Temperature  Humidity  In¬ 
frared  Radiometer  (THTR)  instrument  which  is  a  two-channel  scanning  radiometer  designed 
to  measure  earth  radiation  both  day  and  night  from  two  bands.  A  10.5  /m i  to  12.5  /xm  (11.5 
/xm)  window  provides  an  image  of  the  cloud  cover  and  temperatures  of  the  cloud  tops,  land, 
and  ocean  surfaces.  A  6.5  /rm  to  7.0  /xm  (6.7  /xm)  channel  provides  information  on  the 
moisture  and  cirrus  cloud  content  of  the  upper  troposphere  and  stratosphere.  The  ground 
resolution  at  the  subpoint  is  6.7  km  for  the  11.5  /xm  channel  and  20  km  for  the  6.7  /xm 
channel. 

The  source  of  the  reflectivity  data  used  is  the  Total  Ozone  Mapping  Spectrometer 
(TOMS)  subsystem  which  is  part  of  the  Solar  Backscatter  Ultraviolet  and  Total  Ozone 
Mapping  Spectrometer  (SBUV/TOMS)  Experiment.  The  TOMS  sub-system  is  a  single 
monochrometer  which  has  a  3  degree  by  3  degree  instantaneous  field  of  view  (IFOV)  and 
measures  the  ultraviolet  (UV)  backscattered  radiation  in  six  discrete  wavelengths  ranging 


globe  with  the  IFOV  varying  from  50  km  by  50  km  at  the  nadir  to  150  km  by  200  km  in 
the  extreme  off  nadir  position. 

2.1.2  Auxilary  Data 

Auxilary  data  was  taken  from  the  Air  Force  Three-Dimensional  Nephanalysis  (AF  3-D 
Neph)  which  is  an  automated  cloud  analysis  model  which  uses  a  combination  of  satellite, 
surface,  and  upper  air  observations  and  pilot  reports  to  produce  a  high  resolution  three- 
dimensional  cloud  analysis  over  the  globe.  The  data  include  terrain  height  analysis,  snow/ice 
analysis,  and  temperature  analysis  over  the  globe. 

The  terrain  height  analysis  is  reported  in  tenths  of  meters.  The  snow/ice  data  is  ac¬ 
quired  from  conventional  surface  reports,  weekly  Navy  sea  ice  analysis,  satellite  radiometer 
observations,  and  climatology.  The  surface  temperature  analysis  over  land  was  prepared 
using  conventional  shelter  reports  from  every  three  hours.  Sea  surface  temperture  measure¬ 
ments  taken  from  ship  reports  every  six  hours  and  from  satellite  remote  sensing  twice  a  day 
are  used  for  the  surfae  temperature  analysis  over  water. 

2.2  Cloud  Detection  Algorithms 

An  initial  attempt  at  deriving  clouds  from  only  THIR  and  climatological  information 
presented  questionable  results.  To  improve  cloud  estimations,  three  algorithms  were  de¬ 
veloped  using,  in  addition  to  the  THIR  radiance  data,  reflectivity  data  from  the  TOMS 
instrument  and  AF  3-D  Neph  data.  The  parameters  vised  in  these  algorithms  are  deter¬ 
mined  for  each  of  18,630  sub-target  areas  (STA)  over  the  globe  measuring  about  165  km  by 
165  km  each. 

2.2.1  Infrared  (ER)  Algorithm 

The  IR  algorithm  is  used  to  classify  the  each  THIR  11.5  pan  radiance  observation  (pixel) 
as  bring  either  clear,  low,  middle,  or  high  altitude  cloud  depending  on  its  magnitude  in  com¬ 
parison  to  precomputed  threshold  values.  The  cloud/no  cloud  threshold  value  is  computed 
by  determining  the  time  interpolation  of  the  AF  surface  temperature  reported  every  three 
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hours  and  adjusting  the  temperature  for  atmospheric  water  vapor  attenuation.  This  result¬ 
ing  temperature  is  the  equivalent  blackbody  radiative  temperature  which  should  be  detected 
by  the  11.5  /im  THIr  observation.  Then  a  range  of  temperatures  within  95%  probability 
(two  standard  deviation)  of  being  clear  is  computed  defining  the  cloud/no  cloud  threshold. 

Cloud  amount  is  determined  by  separating  cloud  covered  fields  of  view  (FOVs)  from 
cloud-free  fields  based  on  their  observed  radiances.  Each  pixel  is  classified  as  dear  or 
doudy  by  the  equation 

T  <TS  -AT 

where  T  is  the  satellite  measured  radiance,  TS  is  the  dear  sky  radiance,  AT  is  the  threshold 
amount  (two  standard  deviation).  If  the  equation  is  true,  the  pixel  is  defined  as  doudy. 
The  fraction  of  doud  cover  is  determined  by  counting  the  number  of  doudy  pixels  with  the 
assumption  that  all  doudy  pixels  are  100%  doudy. 

For  the  threshold  separating  low  from  middle  doud,  an  altitude  of  2  km  above  mean 
sea  level  is  used  as  defined  in  the  International  Cloud  Atlas.  The  temperature  at  2  km,  Tl, 
is  computed  for  each  STA  with  the  equation 


TL  =  TAF  + (2-  ZQ){dT/dZL) 

where  dT/dZi  is  the  climatological  lapse  rate  between  the  surface  and  2  km,  Zq  is  the 
altitude  of  the  suface  above  mean  sea  level,  and  Taf  is  the  surface  temperature. 

For  the  threshold  separating  middle  and  high  doud,  the  altitude  varies  poleward  of  30 
degrees  latitude  according  to 


Z  =  7  -  1.5  (1  -  cos  [3  (LAT  -  30)]) . 

Equatorward  of  30  degrees  latitude,  Zj, {  —  7  km  as  defined  by  the  International  Cloud  Atlas. 
The  temperature  threshold  separating  middle  from  high  doud  is  given  by  the  equation 

tm  =  tl  +  (zm  -  2  )(dr/dzM) 
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where  dT/dZM  is  the  climatological  lapse  rate  between  2  km  and  the  reference  altitude 
Zr.  The  value  of  ZT  is  7  km  between  0  and  30  degrees  latitude,  6  km  betweeen  30  and  60 
degrees,  and  4  km  for  latitudes  greater  than  60  degrees. 

Random  and  systematic  errors  occur  during  the  adjustment  of  temperature  for  attenua¬ 
tion  and  in  the  calculation  of  the  threshold  values.  These  errors  are  due  to  lack  of  data  over 
tropical  oceans,  horizontal  variations  of  surface  temperature  within  a  STA,  and  partially 
filled  FOVs  of  the  radiometer.  Errors  due  to  partially  filled  FOVs  result  from  observations 
of  clouds  smaller  than  a  FOV  or  clouds  which  axe  aligned  so  that  they  fall  along  edges  of 
a  FOV.  This  leads  to  an  overestimation  of  cloud  cover  since  any  FOV  partially  covered  is 
assumed  to  be  completely  cloudy. 

2.2.2  Ultraviolet  (UV)  Algorithm 

An  additional  and  independent  estimate  of  cloud  cover  is  determined  by  using  reflectivity 
data  from  TOMS.  The  average  reflectivity  of  all  FOVs  within  a  STA  is  used  to  determine 
the  total  cloud  cover  within  that  STA  as  long  as  the  surface  is  not  covered  by  snow  or  ice. 
This  algorithm  was  developed  for  the  purpose  of  better  detecting  low  cloud  which  has  a 
radiative  temperature  similar  to  the  surface  below.  In  many  cases,  the  IR  algorithm  cannot 
distinguish  low  cloud  from  the  surface  which  results  in  an  underestimation  of  cloud  cover 
for  these  areas. 

Cloud  amount  for  a  STA  is  determined  by  the  UV  algorithm  from  a  linear  relationship 
of  the  average  STA  UV  reflectivity  and  IR  cloud  amount  if  the  STA  is  not  ice  covered  or 
snow  covered.  Figure  2.1  shows  this  relationship.  The  correlation  is  not  exactly  linear,  but 
it  shows  a  trend  of  TOMS  reflectivity  increasing  between  8%  and  50%  as  cloud  amount 
increases  from  0%  to  100%.  The  line  of  best  fit  for  the  linear  regression  indicates  that  for 
low  cloud  amounts,  the  line  lies  below  the  data  points.  This  is  because  the  IR  algorithm 
underestimates  the  amount  of  cloud  far  low  cloud  amounts.  The  regression  line  also  lies 
below  the  data  for  100%  cloud  cover.  This  is  because,  as  cloud  amount  increases,  there  is 
a  larger  concentration  of  high  altitude  clouds  in  comparison  to  low  altitude  clouds.  These 
high  clouds  are  more  reflective  due  to  their  geometrical  thickness.  Since  the  UV  algorithm 
is  used  when  the  IR  algorithm  detects  low  cloud  or  no  cloud  (section  2.2.3),  a  maximum 
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reflectivity  of  50%  (instead  of  the  80%  shown  by  the  data  points)  was  chosen.  This  value  is 
more  representative  of  reflectivity  for  low  altitude  clouds. 

2.2.3  Bispectral  Algorithm 

The  bispectral  algorithm  was  developed  to  combine  the  best  estimates  of  cloud  cover 
as  independently  determined  by  IR  and  UV  algorithms.  The  result  is  the  most  accurate 
determination  of  total  cloud  cover.  The  IR  algorithm  presents  the  better  estimate  of  middle 
and  high  cloud  cover  since  the  thermal  contrast  between  the  surface  and  the  cloud  is  large. 
The  UV  estimate  of  cloud  is  more  accurate  for  low  cloud  or  no  cloud  due  to  the  small 
thermal  contrast  betweeen  the  cloud  and  surface. 

The  bispectral  algorithm  approaches  the  IR  total  cloud  estimate  when  a  large  amount 
of  middle  and  high  cloud  is  present  and  approaches  the  UV  total  cloud  estimate  for  a  large 
amount  of  low  cloud  or  no  cloud.  The  bispectral  algorithm  is  represented  by  the  expression 

NCLE  =  BCLE  *  (1  -  W)  +  TOMS  *  W 

where  NCLE  represents  the  New  Cloud  data  (bispectral  algorithm  product)  and  BCLE 
represents  the  Basic  Cloud  data  (IR  algorithm  product).  The  total  weight,  W,  is  a  composite 
of  the  two  weights,  Wj  and  W2.  W\  reduces  the  weight  of  the  cloud  estimation  as  the 
satellite  zenith  angle  (0)  increases,  because  with  increased  9,  the  size  of  the  TOMS  FOV 
becomes  larger  than  the  STA  (THIR  FOV  remains  constant).  This  creates  less  reliability  in 
the  TOMS  cloud  estimation.  Cosine  (9)  represents  the  reduction  in  the  number  of  TOMS 
FOVs  within  a  STA.  W2  represents  the  fraction  of  the  STA,  as  estimated  by  THIR,  to  be 
dear  or  covered  with  low  doud.  The  larger  the  estimate  of  low  doud  or  dear  sky,  the 
doser  the  doud  estimation  as  determined  by  the  NCLE  will  be  to  the  TOMS  estimate.  The 
smaller  the  estimate,  the  doser  the  NCLE  estimation  will  be  to  the  BCLE. 

2.3  Validation 

Both  quantitative  and  qualitative  validations  have  been  performed  on  the  NIMBUS 
7  doud  algorithms.  Quantitative  validations  induded  an  analysis  of  the  auxilary  data 
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used  for  the  cloud  algorithms,  computations  of  the  sensitivity  and  expected  errors  in  total 
cloud  amount  due  to  uncertainties  of  parameters  for  each  of  the  three  algorithms,  and  a 
statistical  comparison  with  an  analyst’s  estimates  derived  from  independent,  concurrent 
Geosynchronous  (GOES)  satellite  images  along  with  meteorological  reports.  Qualitative 
validation  involved  comparison  of  images  of  NIMBUS  7  cloud  estimates  with  simultaneous 
visible  and  IR  GOES  satellite  images. 

It  was  found  that  A F  surface  temperature  data  was  suitable  for  use  in  the  cloud  algo¬ 
rithms,  except  over  Antarctica  where  temperatures  were  found  to  be  40  to  60  degrees  celcius 
to  high.  As  a  result,  dimotologial  temperatures  were  used  over  areas  south  of  63  degrees 
south.  Also,  since  AF  temperatures  are  taken  in  shelters,  the  actual  surface  (skin)  tempera¬ 
tures  over  hot,  dry  land  areas  can  be  as  much  as  40  degrees  celcius  higher,  however,  the  AF 
temperatures  were  found  to  be  useful.  The  AF  snow  /ice  fields  were  found  to  be  adequate 
for  identifying  areas  where  the  TOMS  algorithm  can  not  be  used  in  cloud  estimation. 

Error  and  sensitivity  analysis  of  the  algorithms  showed  that  for  the  TOMS  algorithm, 
the  uncertainty  is  least  for  small  amounts  of  cloud  (dt7.9%)  and  greatest  for  large  amounts 
of  cloud  (±36.6%).  The  error  in  the  IR  algorithm  was  found  to  be  ±10.8%  and  is  mainly 
a  result  of  the  amount  of  atmospheric  attenuation.  For  the  bispectral  algorithm,  the  range 
of  error  in  the  clear  sky  case  is  7.9%  to  23.1%  and  in  the  overcast  case  is  10.8%  to  17.7%. 

Statistical  comparison  of  AN  data  with  an  analyst  revealed  that  for  the  IR  algorithm, 
systematic  errors  in  the  mean  were  less  than  14%  and  random  errors  ranged  between  8% 
and  31%.  The  correlation  coefficient  exceeded  .72  with  a  max  of  .95  over  oceans.  For  the 
bispectral  algorithm,  the  systematic  errors  were  less  than  8%  and  random  errors  ranged 
between  7%  and  16%.  The  correlation  coefficient  exceeded  .91  with  a  maximum  of  .96  over 
the  oceans. 

Qualitative  comparison  with  satellite  images  revealed  that  the  IR  algorithm  tends  to 
underestimate  cloud  when  the  scene  is  covered  by  low  level  cloud  and  overestimate  cloud 
when  the  area  is  covered  with  small  scale  cumulus,  thin  cirrus,  or  when  over  areas  of 
excessive  humidity.  The  latter  two  overestimations  are  due  to  attenuation  of  IR  pixels.  The 
bispectral  algorithm  showed  good  agreement  in  the  location  and  amount  of  cloud  cover.  It 
was  in  especially  good  agreement  for  areas  of  thin  cirrus  and  deep  convective  clouds. 
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2.4  Data  Storage 


The  data  derived  from  the  XR,  UV,  and  bispectral  algorithms  are  processed  into  2070 
equal  sized  target  areas  measuring  500  km  by  500  km.  The  data  is  archived  weekly,  and 
each  year  of  data  is  stored  on  one  magnetic  tape.  These  tapes  include  more  than  100  other 
parameters  as  well.  The  data  set  is  referred  to  sis  the  Cloud  Matrix  (CMATRDC)  data, 
and  was  initiated  in  April  1979  when  the  AF  surface  temperatures  became  available  and 
continued  through  March  1985. 

2.5  Globed  Cloud  Product 

CMATRDC  data  for  the  global  analyes  of  cloud  is  taken  from  the  period  June  1979 
through  May  1980.  Discussion  of  the  data  over  Antarctica  is  omitted  because  the  cloud 
data  is  unreliable  due  to  the  difficulty  of  identifying  clouds  over  ice  and  snow  surfaces  and 
the  less  adequate  climatological  data  used  for  surface  temperatures.  In  this  section  I  will 
discuss  the  time  series  of  total  cloud  over  the  globe.  For  a  discussion  of  the  cloud  product 
for  high,  middle,  and  low  altitude  cloud,  refer  to  appendices  A  through  C. 

Figure  2.2  shows  the  time-latitude  cross  section  of  the  zonally  averaged  total  cloud 
amount.  The  Intertropical  Convergence  Zone  (ITCZ),  a  region  of  converging  trade  winds 
and  heavy,  convectvie  precipitation,  is  depicted  by  the  band  of  maximum  total  cloud  cover 
along  the  equatorial  region.  It  is  shown  to  follow  the  interannual  variation  of  solar  radiation. 
Jun  through  Sep  the  ITCZ  is  found  in  the  NH  approximately  between  the  equator  and  12°N. 
During  the  transition  period,  Oct  through  Dec,  the  ITCZ  is  displaced  southward  until  it  is 
situated  mostly  in  the  SH  by  Jan.  In  Mar  it  begins  its  movement  back  to  the  NH. 

The  subtropics,  dominated  by  the  subtropical  anticyclones,  are  areas  of  stable  conditions 
where  subsidence  supresses  convective  activity.  It  is  characterized  by  a  minimum  of  total 
cloud  cover.  During  the  NH  summer,  the  region  of  minimum  cloudiness  lies  approximately 
between  20°N  and  40°N.  But  as  the  NH  winter  season  approaches,  the  boundry  of  this  cloud- 
free  area  is  pushed  southward  by  middle  latitude  storm  systems  to  occupy  the  latitude  band 
10°N  to  30°N  by  Jan.  In  the  SH,  the  minimum  cloud  region  of  the  subtropics  is  located 
approximately  between  10°S  and  25°S  during  the  SH  winter.  As  the  summmer  approaches, 
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the  equatorward  edge  of  the  subtropics  deteriorates  as  the  ITCZ  moves  from  the  NH  into 
the  SH.  There  is  also  an  indication  of  the  effects  of  the  subtropics  moving  towards  the  South 
Pole  with  the  slight  retereat  of  middle  latitude  cloudiness. 

The  seasonal  shift  in  total  cloud  cover  is  evident  in  the  NH  middle  latitudes  which  are 
characterized  by  extratropical  weather  systems  embedded  within  the  westerlies  of  the  polar 
vortex.  During  the  winter  seasons,  this  vortex  expands  and  strengthens  allowing  migrating 
frontal  systems  and  the  associated  cloud  cover  to  extend  southward.  This  is  evident  by  the 
protruding  tongue  of  total  cloud  cover  >  60%  between  40°N  and  50°N  between  Oct  and 
Apr.  During  the  summer,  the  polar  vortex  weakens  resulting  in  a  decrease  of  total  cloud 
within  the  middle  latitudes.  In  the  NH  latitude  belt  approximately  50°N  to  75°N,  there 
appears  a  minimum  of  total  cloud  cover.  This  is  due  to  the  intense  anticyclones  which  build 
over  the  massive  continents  during  the  winter  within  this  latitude  band. 

The  SH  middle  latitudes,  in  contrast  to  the  NH,  show  little  variation  in  time  of  the  lati¬ 
tudinal  position  of  total  cloud  cover.  This  is  a  result  of  the  difference  between  hemispheres 
in  the  land  to  ocean  ratio  which  is  50%  in  the  NH  and  about  5%  to  10%  in  the  SH.  The 
middle  latitude  winter  cyclone  systems  are  a  result  of  the  release  of  stored  energy  from  the 
oceans.  Assuming  that  the  amount  of  energy  released  by  the  oceans  of  the  hemispheres 
during  the  winter  is  about  the  same,  the  release  of  energy  is  more  intense  in  the  NH  winter 
creating  more  intense  cyclones  than  those  in  the  SH.  During  the  summer,  the  opposite  sit¬ 
uation  occurs  with  abundant  storage  of  energy  in  the  NH  oceans  substantially  weakening 
the  cyclones.  In  the  SH  summer,  the  oceans  store  energy  at  slower  rate  allowing  for  only 
a  small  decrease  in  the  cyclone  intensity.  The  result  is  little  seasonal  variation  of  the  total 
cloud  cover  in  the  SH  middle  latitudes. 

The  NH  polar  regions  during  the  fall,  winter,  and  spring  months  indicate  total  cloud 
cover  to  be  greater  than  70%,  and  as  high  as  90%.  As  the  sun  retreats  to  the  SH  for  the  NH 
winter,  the  surface  temperature  of  this  high  latitude  region  becomes  extremely  cold  with  a 
strong  temperature  inversion  developing  in  the  lower  troposphere.  The  satellite  detects  low 
radiances  from  the  area  and  inaccurately  interprets  these  low  values  as  cloud  cover. 
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3.0  TEMPORAL  VARIABILITY  OF  CLOUDS 


Zonal  averages  of  cloud  cover  can  be  misleading  due  to  the  averaging  out  of  large  lon¬ 
gitudinal  differences  in  cloud  amounts.  Therefore,  in  this  chapter,  I  present  global  cloud 
analyses  in  horizontal  projections  where  both  longitudinal  and  latitudinal  variations  of  cloud 
can  be  distinguished.  I  examine  the  analyses  of  the  total  and  high  cloud  fields  only,  since 
the  resulting  fields  of  middle  and  low  clouds  as  determined  by  satellite  are  not  accurate  due 
to  the  obstruction  by  high  cloud.  I  have  also  deleted  any  discussion  of  data  poleward  of 
63.5  degrees  latitude. 

3.1  Seasonal  Mean 

3.1.1  Total  Cloud 

The  seasonal  means  for  total  cloud  for  the  NH  summer  and  winter  seasons  are  shown  in 
Figures  3.1  and  3.2,  respectively.  A  prominent  feature  emerging  in  both  seasons  is  the  ITCZ. 
During  the  NH  summer,  the  ITCZ  is  represented  by  a  longitudinally  continuous  band  of 
maximum  amount  of  total  cloud  in  the  equatorial  region  of  the  globe  lying  predominantly 
in  the  NH.  The  intense  convective  activity  of  the  ITCZ  over  southeast  Asia  dining  the 
NH  summer  is  evident  from  the  extensive  cloud  cover  associated  with  it.  When  the  ITCZ 
shifts  southward  during  the  NH  winter,  it  is  no  longer  shown  to  be  a  continuous  band  of 
cloud  along  the  equatorial  region  of  the  globe.  It  is  disrupted  by  the  massive  SH  subtropical 
anticyclones  which,  at  times,  move  into  the  tropical  latitudes.  This  is  especially  true  over  the 
large  Pacific  Ocean.  However,  the  intensity  of  the  monsoon  circulation  aides  in  maintaining 
the  continuous  area  of  convection  over  the  Indian  Ocean. 

The  SH  middle  latitudes  are  represented  by  a  zonal  distribution  of  total  cloud  with  little 
variation  between  seasons.  During  the  NH  winter,  the  location  of  the  major  cyclogenic 
regions, the  Icelandic  Low  and  Aleutian  Low,  can  be  located  by  cloud  maximums.  During 


the  summer,  the  northerly  retreat  of  these  cloud  areas  is  evident,  especially  for  the  Icelandic 
Low  where  there  is  also  a  significant  decrease  in  cloud  amount  during  the  summer. 

The  subtropical  areas,  which  contain  the  global  deserts  as  well  as  the  large  subtropical 
anticylones,  are  represented  by  regions  of  minimum  cloud  amounts.  Both  the  deserts  and 
oceanic  anticylones  rely  on  massive  subsidence  to  balance  the  net  energy  for  their  atmo¬ 
sphere  resulting  in  dry,  cloud-free  regions.  In  the  NH,  the  northern  boundry  of  the  dry 
subtropics  is  eroded  by  the  middle  latitude  cloudiness  associated  with  the  storm  systems 
in  the  winter,  and  the  southern  boundry  is  eroded  by  the  ITCZ  cloudiness  in  the  summer. 
On  the  other  hand,  the  subtropical  cloud-free  regions  of  the  SH  are  altered  mostly  by  the 
ITCZ  on  its  equatorward  side. 


3.1.2  High  Cloud 


Figures  3.3  and  3.4  show  the  horizontal  projection  of  high  cloud  over  the  globe  for  the 
NH  summer  and  winter,  respectively.  Again,  a  very  distinguishable  feature  is  the  location 
of  the  ITCZ.  A  strong  gradient  of  high  cloud  is  evident  between  the  dry  subtropics  and  the 
convective  regions  of  the  ITCZ.  As  noted  in  previous  sections,  the  intensity  of  the  convection 
is  the  cause  for  such  an  extensive  amount  of  high  cloud  over  the  ITCZ.  As  the  ITCZ  shifts 
from  the  NH  to  the  SH,  there  is  a  decrease  in  cloud  amount  as  was  observed  for  the  total 
cloud. 

The  middle  latitudes  of  the  NH  show  no  well  developed  maximum  or  minimum  centers 
of  high  cloud  during  the  summmer,  but  there  is  a  relative  minimum  over  the  eastern  Pacific 
extending  over  the  western  U.S.  and  over  the  eastern  Atlantic  extending  over  the  western 
portion  of  he  Eurasian  continent.  But  by  winter,  the  high  cloud  associated  with  the  winter 
storm  tracks  becomes  more  evident.  The  areas  of  the  Aleutian  and  Icelandic  lows  are 
well  defined  by  maximum  centers  of  high  cloud.  During  the  SH  winter,  the  SH  middle 
latitudes  are  characterized  predominantly  by  a  zonal  structure  of  high  cloud.  A  region  of 
maximum  high  cloud  located  at  about  35°S  and  between  110°W  to  140°W  represents  a 
middle  latitude  storm  track.  By  summer,  the  zonal  structure  is  disrupted  as  the  high  cloud 
amount  decreases  and  the  dry  subtropical  anticyclones  build  into  the  middle  latitudes. 
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3.2  Seasonal  Standard  Deviation 
3.2.1  Total  Cloud 

During  both  the  summer  and  winter  seasons,  the  standard  deviation  fields  of  total  cloud 
are  not  well  defined  for  most  regions  as  depicted  in  Figures  3.5  and  3.6.  It  is  easier  to 
interpret  these  fields  by  first  examining  regression  analyses  between  the  mean  and  standard 
deviation  fields. 

Figures  3.7  and  3.8  show  the  regression  analyses  of  the  mean  and  standard  deviation 
fields  for  the  winter  and  summer  seasons,  respectively.  It  can  be  seen  that  for  small  amounts 
of  cloud  cover,  the  standard  deviation  is  small  meaning  regions  over  the  globe  with  little 
cloud  cover  tend  to  remain  cloud  free.  Areas  with  very  large  amounts  of  cloud  cover  are 
also  characterized  by  a  small  standard  deviation  suggesting  that  cloudy  regions  are  inclined 
to  stay  cloudy  for  the  duration  of  the  season.  The  areas  characterized  by  intermediate 
cloud  amounts  depict  a  large  standard  deviation  of  cloud.  These  regions  lie  predominantly 
between  the  maximum  and  minimum  centers  of  cloud  cover  where  there  is  a  strong  gradient 
of  cloud.  Because  of  this  gradient,  these  regions  can  experience  a  large  fluctuation  in  its 
cloud  cover  during  the  course  of  a  season  as  the  cloudy  and  cloud-free  regions  go  through 
small  variations  in  space  dining  the  season.  These  regions  of  high  standard  deviation  can 
be  classified  as  cloud  transition  zones. 

Examination  of  Figures  3.6  and  3.7,  show  that  the  desert  regions  over  the  African 
continent  and  the  SH  subtropical  regions  which  are  characterized  by  a  small  amount  of 
cloud  is  also  characterized  by  a  small  standard  deviation  of  cloud  cover.  Areas  where  the 
mean  cloud  cover  is  large,  such  as  the  Aleutian  and  Icelandic  Lows  and  the  extreme  centers 
of  the  ITCZ  zones,  are  also  characterized  by  a  minimum  standard  deviation. 

Regions  of  relative  maximum  standard  deviation  for  total  cloud  are  not  as  widespread 
as  the  minimum  centers,  but  as  discussed  above,  they  exist  in  areas  separating  maximum 
cloud  centers  from  minimum  centers.  The  most  predominant  regions  are  near  the  ITCZ 
over  Peru,  Chile  and  northwest  India. 
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3.2.2  High  Cloud 

Even  though  the  standard  deviation  field  of  high  doud  for  summer  and  winter  (Figures 
3.9  and  3.10)  is  relatively  easy  to  interpret,  an  initial  examination  of  the  regression  analyses 
between  the  mean  and  standard  deviation  fields,  Figures  3.11  and  3.12,  is  helpful.  The 
analyses  indicate  that  a  strong  positive  correlation  exists  between  the  mean  amount  of  high 
doud  and  its  standard  deviation  for  both  winter  and  summer  seasons.  As  with  the  total 
doud,  regions  of  small  high  doud  amounts  depict  little  variation  in  the  doud  amount.  But 
as  the  amount  of  high  doud  increases,  the  standard  deviation  increases  almost  linearly  at 
first,  becoming  assymtotic  for  greater  amounts  of  cloud.  Large  amounts  of  high  cloud  tend  to 
be  assodated  with  either  convective  regions  such  as  the  ITCZ  or  the  advective  storm  tracks 
of  the  middle  latitudes.  The  daily  variability  of  convective  and  advective  processes  leads  to 
a  large  standard  deviation  of  high  doud  over  these  areas  during  a  season.  The  variaion  of 
high  doud  can  be  used  for  study  of  predpitation  patterns  over  convective  regions.  Recall 
that  the  standard  deviation  of  the  total  doud  is  small  for  these  regions.  A  change  in  the 
ratio  of  the  high  doud  amount  to  total  doud  amount  could  be  used  to  define  an  index  of 
the  onset  of  convective  activity. 

An  examination  of  Figures  3.9  and  3.10  reveals  that  the  location  of  the  centers  of  max¬ 
imum  standard  deviation  for  high  doud  corrdates  exactly  with  the  centers  of  maximum 
mean  of  high  doud.  Most  noticable  are  the  convective  ITCZ  regions.  Also,  the  centers  of 
minimum  standard  deviation  lie  directly  over  the  centers  of  maximum  high  doud  amount 
being  most  evident  over  the  deserts  and  the  subtropical  anticydones.  Note  that  there  is  a 
slight  maximum  along  the  the  southeatem  coasts  of  South  America,  Australia,  and  Africa 
during  the  SH  winter.  These  centers  depict  middle  latitude  storm  tracks  where,  even  though 
in  the  seasonal  mean  there  is  no  significantly  large  amount  of  high  doud,  the  variability  of 
high  doud  is  large. 
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4.0  TEMPORAL  VARIABILITY  OF  EEt 


In  this  chapter,  I  will  discuss  the  analyses  of  the  seasonal  means  and  standard  deviations 
of  IR  for  the  summer  and  winter  seasons  analyses.  The  source  of  IR  data  used  is  from  the 
narrow  field  of  view  sensor  on  the  Earth  Radiation  Budget  (ERB)  instrument  on  board  the 
NIMBUS  7  satellite.  The  data  is  stored  on  the  MATRIX  tapes  in  the  same  format  used 
for  the  C MATRIX  tapes.  A  description  of  the  ERB  instrumentation  and  data  sets  can  be 
found  in  Jacobowitz  et  al.  (1984)  and  Ban  del  (1983).  An  analysis  of  the  global  IR  can  also 
be  found  in  Smith  and  Vonder  Haar  (1988). 

4.1  Seasonal  Mean 

Figures  4.1  and  4.2  represent  the  seasonal  averages  of  the  global  IR  for  the  NH  summer 
and  winter  seasons,  respectively.  Examination  of  these  mean  fields  reveals  that  the  position 
of  the  major  features  correspond  to  the  major  features  of  the  mean  high  cloud  with  centers 
of  maximum  IR  overlying  centers  of  minimum  high  cloud  and  vice  versa. 

The  ITCZ  region  which  is  characterized  by  a  maximum  of  high  cloud  is  also  defined  by 
a  band  of  minimum  IR.  The  seasonal  shift  of  the  ITCZ  is  evident  in  the  IR  as  a  broad  band 
of  minimum  IR  situated  over  southeast  Asia  and  India  during  the  NH  summer  shifting  to  a 
narrower  band  of  minimum  IR  positioned  over  Indonesia  during  the  NH  winter.  Note  that 
most  of  the  centers  of  the  minimum  IR  values  are  located  over  land  corresponding  to  the 
high  cloud  maximum  location.  It  is  the  in  j>se  heating  of  the  land  surfaces  producing  high 
cloud  shields. 

The  subtropics,  characterized  by  minimum  high  cloud  cover,  are  also  defined  by  max¬ 
imum  amount  of  IR  flux.  The  larger  values  of  IR  over  the  nothera  African  deserts  in  the 
summer  are  due  to  the  higher  surface  temperatures  during  this  season.  The  SH  summer 
subtropical  anticylones  are  well  defined  by  large  areas  of  maximum  IR.  The  eastern  sections 
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of  the  subtropical  highs,  characteried  by  persistent  low  level  cloud,  is  shown  to  emit  large 
values  of  IR. 

The  SH  middle  latitude  belts,  defined  by  a  zonal  structure  of  high  cloud,  are  also  rep¬ 
resented  by  a  zonal  pattern  of  IR  during  the  SH  winter  season.  The  IR  pattern  is  a  result 
of  the  north-south  gradient  of  surface  temperature  within  these  latitudes.  During  the  SH 
summer,  the  zonal  pattern  is  still  evident  but  is  disrupted  on  the  equatorward  side  by  the 
maximum  IR  centers  which  have  moved  into  the  middle  latitudes.  The  winter  NH  middle 
latitudes  depict  the  same  zonal  pattern  of  IR  with  lower  values  to  the  north.  This  does  not 
correlate  well  with  the  projection  of  high  cloud  over  this  area.  The  centers  of  maximum 
and  minimum  high  cloud  are  only  relatively  large  and  small  compared  to  the  surrounding 
regions,  i.e.,  a  gradient  is  almost  nonexistent. 

An  important  observation  of  the  mean  IR  fields  is  that  the  highest  correlation  between 
high  cloud  and  IR  emerges  in  the  low  latitudes.  This  is  the  region  of  intense  solar  heating 
resulting  in  strong  convection  with  the  associated  high  cloud  shields  and  low  fluxes  of 
IR  along  the  ITCZ.  It  is  also  the  region  of  the  dry,  cloud-free  regions  of  the  deserts  and 
subtropial  anticyclones  which  exhibit  large  fluxes  of  IR  to  space. 

4.2  Seasonal  Standard  Deviation 

A  glance  at  Figures  4.3  and  4.4  indicates  that  the  standard  deviation  fields  of  the  IR  are 
rather  nondescript  over  most  regions  of  the  globe  and  show  little  correlation  to  the  mean  IR 
fields.  The  most  noticeable  features  are  the  low  values  of  standard  deviation  defining  the 
subtropical  anticyclones  of  the  SH.  The  strong  subsidence  and  stability  of  the  subtropics 
produces  a  persistent,  relatively  cloud-free  atmosphere  (low  high  cloud  standard  deviation) 
over  regions  through  an  entire  season  corresponding  to  the  low  IR  standard  deviation.  Even 
though  small  fluxes  of  IR  are  characteristic  of  the  ITCZ  in  the  seasonal  mean,  the  standard 
deviation  of  IR  is  large.  This  is  consistent  with  the  large  variation  of  high  cloud  over  the 
area. 

In  the  middle  latitudes  of  the  SH  winter,  centers  of  marin-mm  standard  deviation  emerge 
along  the  southeast  coasts  of  South  America  and  Africa  even  though  in  the  mean,  the  IR  was 
represented  by  a  smooth  zonal  structure.  This  variation  between  the  mean  and  standard 
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5.0  HIGH  CLOUD-LONGWAVE  RADIATION  INTERACTION 


The  ultimate  purpose  of  this  chapter  is  to  present  a  correlation  between  high  cloud  and 
longwave  radiative  flux  from  the  earth-atmosphere  system.  However,  before  analyzing  the 
results  of  this  study,  it  is  necessary  to  understand  the  transfer  of  longwave  radiation  through 
a  clear  and  cloudy  atmosphere. 

5.1  Theory 

5.1.1  Longwave  Radiation  in  a  Clear  Sky 

The  longwave  radiation  emitted  from  the  earth-atmosphere  system  is  a  function  of  the 
temperature  of  the  system  and  is  experessed  by  the  the  Stefan-Boltzmann  law 

where  a  is  the  Stefan-Boltzmann  constant  and  Tg  is  the  surface  temperature.  Longwave 
radiation  from  the  earth’s  surface  is  transmitted  directly  to  space  through  the  atmospheric 
window,  8  to  14  pan  range.  However,  there  are  interferences  encountered  by  longwave 
radiation  as  it  passes  through  the  atmosphere.  About  70%  of  the  IR  from  the  surface 
is  absorbed  by  gases  in  the  clear  atmosphere,  mostly  by  water  vapor  and  carbon  dioxide. 
KirchofTs  law  (e*  =  a*)  states  that  bodies  which  absorb  radiation  (a*)  at  a  given  wavelength 
also  emit  radiation  (c>)  at  that  wavelength.  So  the  atmospheric  gases  which  absorb  radiation 
also  emit  radiation  at  the  same  wavelength  back  to  the  surface  and  up  to  space.  The 
downward  emission  is  absorbed  by  the  surface.  The  value  of  this  emission  is  a  function 
of  the  atmospheric  temperature  and  water  vapor  content  but  can  be  expressed  to  a  first 
approximation  as  a  function  of  surface  temperature  by 

which  is  an  emission  at  wavelengths  outside  the  atmospheric  window  and  where  ej  is  the 
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flux  emissivity  of  the  atmosphere  as  viewed  from  the  ground.  Therefore,  the  amount  of 
radiation  transmitted  directly  to  space  can  be  expressed  by 

(l-Ci)cT^ 

which  is  radiation  transmitted  through  the  atmospheric  window. 

Evaluation  of  the  amount  of  radiation  emitted  to  space  from  the  atmosphere  is  com¬ 
plicated  due  to  variations  in  atmospheric  temperature  and  gases  for  the  various  levels  of 
the  atmosphere.  However,  it  can  be  simplified  when  considering  that  with  the  depletion 
of  atmospheric  gases  with  increased  altitudes,  there  is  a  larger  percentage  of  emitted  at¬ 
mospheric  radiation  reaching  space  from  these  higher  levels  of  the  atmosphere.  In  reality, 
each  layer  of  the  atmosphere  radiates  at  its  own  temperature,  but  for  simplification  it  can 
be  assumed  that  radiative  emission  from  the  atmosphere  is  directly  related  to  surface  black 


body  emission  expressed  by 


GaTt 


where  G  is  a  proportionality  constant  between  atmospheric  longwave  emission  to  space 
and  surface  black  body  emission.  Finally,  radiation  emitted  to  space  from  a  dear  sky  is 


expressed  as 


6*1?  +  (l-ei)o-I? 


5.1.2  Longwave  Radiation  in  a  Cloudy  Sky 

In  a  doudy  sky,  the  longwave  radiation  emitted  by  the  surface  and  by  the  atmosphere 
beneath  the  douds  is  absorbed  by  the  douds.  Clouds  and  the  atmosphere  bdow  emit 
radiation  back  to  the  earth’s  surface.  The  radiation  from  the  douds,  dependent  on  their 
black-body  temperature,  is  transmitted  mostly  through  the  atmospheric  window.  Assuming 
an  average  doud  temperature,  the  amount  of  IR  returned  to  the  surface  from  the  doud  and 


underlying  atmosphere  is 


(l-£,)0/<r2* 


where  6  is  the  fractional  doud  cover  and  /  is  the  ratio  of  doud  black  body  emission  to 
surface  black  body  emission.  The  douds  and  atmospheric  gases  above  douds  contribute 
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to  the  longwave  radiation  emitted  to  space  from  the  atmophere  above  the  clouds  and  is 
represented  by  the  equation 

where  £2  is  the  flux  emissivity  of  the  atmosphere  above  the  average  cloud  level.  And  the 
total  amount  of  longwave  radiation  emitted  to  space  from  the  earth— atmosphere  system  is 

(1  -  0)  erT^[G  +  (1  -  €l)]  +  0  (1  -  e2)faT^ 

The  cooling  of  the  earth— atmosphere  system  is  not  only  dependent  on  the  presence  of 
clouds  but  also  on  the  elevation  of  the  cloud  layer.  Low  level  clouds,  which  have  approxi¬ 
mately  the  same  radiative  temperature  sis  the  surface,  of  the  earth,  will  experience  virtually 
no  warming  on  their  bottom  sides  from  the  earth’s  surface.  However,  from  the  tops  of  low 
level  clouds,  there  is  a  large  loss  of  IR  to  space  due  to  the  high  temperature  of  the  cloud 
tops.  The  interaction  with  high  clouds  is  nearly  opposite.  Since  high  cloud  has  a  low  radia¬ 
tive  temperature,  the  top  of  the  cloud  emits  very  little  radiation  to  space  but  experiences  a 
large  warming  from  the  earth  and  atmosphere  below  (“greenhouse  effect”).  The  net  effect 
is  a  low  IR  output  to  space  in  the  presence  of  high  clouds. 

5.2  Regression  Analyses 

To  relate  ER  response  to  the  presence  of  high  cloud,  regression  analyses  have  been 
performed  for  the  globe,  a  regioanl  area,  and  subregional  areas.  For  the  globed  and  regional 
analyses,  each  data  point  represents  a  mean  or  a  standard  deviation  value  of  IR  and  high 
cloud  from  a  grid  point  measuring  4.5  degress  latitude  by  4.5  degrees  longitude  (3200  grid 
points  cover  the  globe).  The  global  analyses  have  been  restricted  to  the  area  between  63.5°N 
to  63.5°S  latitude,  and  the  regional  analyses  have  been  restricted  to  the  area  between  31.5°N 
to  31.5°S  latitude.  For  the  subregional  analyses,  each  data  point  represents  the  daily  IR 
and  high  cloud  value  for  specific  grid  points. 

5.2.1  Global  Analyses 

Figures  5.1  through  5.4  depict  the  regression  analyses  between  mean  and  standard  devi¬ 
ation  fields  of  high  cloud  and  IR  for  the  summer  and  winter  seasons.  The  expected  negative 
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correlation  between  the  mean  fields  emerges  in  tbe  graph  for  data  points  representing  the 
low  latitudes  of  the  globe  where  there  is  a  strong  signal  between  high  cloud  and  IK.  Data 
points  corresponding  to  large  ER  values  and  small  cloud  amount  represent  the  subtropical 
anticyclones  and  desert  regions.  Values  of  small  IR  and  large  cloud  depict  the  ITCZ  regions 
where  low  values  of  radiation  are  emitted  by  the  cold,  high  altitude  cirrus  shields. 

The  data  points  depicting  low  IR  values  associated  with  low  amounts  of  cloud  represent 
the  middle  latitudes.  In  the  high  latitudes,  the  emitted  surface  radiation  is  low  due  to  low 
surface  temperatures,  so  even  with  a  small  amount  of  high  cloud,  the  ER  fluxes  are  not 
large  compared  to  the  values  measured  in  the  lower  latitudes.  In  the  NH  winter,  there  is  a 
higher  concentration  of  data  points  in  this  portion  of  the  analysis  due  to  the  cold  surface 
temperatures  of  the  land  mass.  This  feature  is  not  as  prominent  for  the  SH  winter  where 
there  is  a  small  land  to  ocean  ratio. 

The  analyses  between  the  standard  deviation  fields  depict  a  trend  of  positive  correlation 
between  high  cloud  and  IR.  Recall  that  areas  with  an  abundant  amount  of  high  cloud  are 
defined  by  a  large  variability  of  the  cloud  cover,  and  areas  having  a  inappreciable  amount 
of  high  cloud  present  a  small  variability  of  the  cloud  amount.  For  regions  where  there  is 
a  strong  signal  between  IR  and  high  cloud,  the  standard  deviation  of  high  cloud  responds 
directly  to  the  standard  deviation  of  high  cloud.  The  bulge  of  data  points  in  the  middle  of 
the  plot  which  indicates  a  lack  of  correlation  represents  the  middle  latitude.  The  values  of 
the  high  cloud  standard  deviation  depict  the  variation  in  high  cloud  amount.  However,  the 
IR  standard  deviation  is  responding,  not  only  to  the  variability  of  IR  from  the  high  cloud 
but  to  the  variability  of  ER  from  the  underlying  surface  as  well.  This  response  of  standard 
deviation  of  IR  is  evident  because  the  middle  latitudes  are  characterized  predominantly  by 
seasonal  high  cloud  amount  of  less  than  25%. 

5.2.2  Regional  Analyses 

Figures  5.5  through  5.8  represent  the  regression  analyses  for  the  mean  and  standard 
deviation  fields  of  high  cloud  and  IR  with  the  effects  of  the  midle  latitudes  are  removed. 
The  result  is  a  more  linear  correlation  between  the  two  fields  than  depicted  by  the  global 
analyses  due  to  a  strong  signal  between  IR  and  high  cloud  in  this  region. 
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The  correlation  between  the  mean  fields  of  IR  and  high  cloud  for  the  summer  and 
winter  seasons  are  shown  in  Figures  5.5  and  5.6,  respectively.  A  strong  negative  correlation 
is  evident  for  both  seasons.  Data  points  representing  large  amounts  of  cloud  and  low  IR 
values  is  associated  with  the  cloudy  ITCZ  while  low  cloud  amounts  and  large  IR  values 
represent  the  dry  subtropical  areas.  Note  that  during  the  NH  summer  season,  values  of  IR 
for  zero  cloud  amount  exceed  those  cloud-free  IR  values  during  the  NH  winter.  The  values 
during  the  summer  represent  the  desert  regions  of  northern  Africa  where  substantial  surface 
heating  occurs  resulting  in  large  loss  of  IR  to  space.  During  the  SH  summer,  since  land 
surfaces  are  not  as  abundant  in  the  SH,  the  IR  lost  to  space  is  not  as  intense. 

Figures  5.7  and  5.8  depict  the  regression  analyses  of  the  standard  deviation  fields  for  the 
IR  and  high  cloud  during  the  NH  summer  and  winter  respectively.  These  analyses  indicate 
a  positive  correlation  for  both  seasons.  The  NH  summer  analysis  show  a  better  correlation 
due  to  the  strong  signed  of  high  cloud  and  IR  emerging  from  the  Asian  monsoon  and  African 
desert  areas. 

5.2.3  Subregional  Analyses 

The  regression  analyses  for  high  cloud  and  IR  over  ocean  and  land  areas  of  the  cloudy 
ITCZ  are  shown  in  Figures  5.9  and  5.10  respectively.  Even  though  these  regions  are  char¬ 
acterized  by  a  large  amount  of  cloud  in  the  seasonal  mean,  it  is  indicated  in  these  graphs 
that  there  is  a  day  to  day  fluctuation  of  high  cloud  cover  and  IR  during  the  period.  Recall 
that  the  standard  deviation  of  high  cloud  and  IR  over  these  regions  is  large.  There  appears 
to  be  little  difference  between  the  analyses  over  land  and  ocean.  However,  IR  values  range 
from  about  120  W/m2  to  302  W/m2  over  land  while  over  the  ocean,  they  range  from  about 
103  W/m2  to  285  W/m2.  This  is  an  indication  of  the  more  intense  heating  of  land  surfaces 
compared  to  ocean  surfaces  and  hence  a  stronger  IR  flux  to  space  over  the  land. 

Figures  5.11  and  5.12  show  the  correlation  of  high  cloud  and  IR  over  ocean  and  land 
areas,  respectively,  for  cloud-free  regions  within  the  low  latitudes.  Note  that  there  is  much 
less  variation  of  cloud  cover  and  IR  compared  to  the  cloudy  ITCZ  regions.  This  appears  to 
be  especially  true  over  the  ocean  area. 
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Figure  5.9  Regression  analysis  of  daily  IR  vs.  high  cloud 
for  NH  Winter  (Cloudy  Ocean  Area). 
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6.0  TOTAL  CLOUD  IR  FLUX 


Theoretically,  the  IR  flux  for  a  dear  atmosphere  over  a  specific  area  can  be  determined 
based  on  it  surface  temperature.  In  Chapter  5, 1  presented  the  measured  variations  of  the 
IR  emitted  to  space  by  the  cloud- free  plus  cloudy  atmosphere  over  chosen  areas.  When  the 
effects  of  the  cloud-free  portion  of  the  atmosphere  are  removed,  the  result  is  the  actual  IR 
emitted  to  space  by  the  cloud  alone.  I  will  call  this  parameter  the  cloud  IR  flux.  To  study 
the  correlation  between  total  cloud  cover  and  cloud  IR,  I  have  analyzed  scatter  diagrams 
between  the  two  fields  for  six  cases  within  the  low  latitudes  where  the  signal  between  IR 
and  cloud  is  the  strongest.  I  used  three  land  three  ocean  areas  for  clear  and  cloudy  cases 
and  for  transition  zones  between  clear  and  cloudy  regions. 

6.1  Procedure 

To  determine  the  contribution  of  cloud  to  IR  measurements,  it  is  first  necessary  to  de¬ 
termine  a  cloud-free  IR.  This  is  obtained  by  selecting,  the  day  of  least  amount  of  total  cloud 
cover  during  a  season  for  each  grid  point  over  the  globe.  Next,  the  IR  value  corresponding 
to  the  day  of  minimum  cloud  cover  is  chosen.  This  value  is  the  maximum  measured  IR  or 
cloud-free  IR  during  a  season.  Finally  the  difference  between  the  maximum  IR  and  cloudy 
(measured)  IR  is  calculated  for  each  grid  resulting  in  the  IR  contributed  by  the  total  cloud 
cover,  i.e.,  the  cloud  IR  or  AIR. 

The  maximum  IR  chosen  is  not  in  actuality  a  cloud-free  IR  value  for  all  locations.  Over 
areas  of  the  globe  which  are  characterized  by  abundant  cloudiness  during  a  season,  such  as 
the  ITCZ,  the  maximum  IR  is  taken  from  the  day  which  indicates  least  cloud  cover.  If  a 
grid  never  exhibits  a  day  of  zero  cloud  cover,  then  the  cloud-free  IR  is  merely  the  maxmum 
IR  obtained  for  that  grid  corresponding  to  the  day  of  least  amount  of  cloud  cover. 
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6.2  Case  Studies 

Figure  6.1  depicts  the  correlation  between  total  cloud  and  cloud  IR  for  the  cloudy 
monsoon  region  over  the  Indian  Ocean,  and  Figure  6.2  shows  the  relationship  for  a  cloudy 
region  over  South  America.  These  regions  are  characterized  by  a  seasonal  mean  of  total 
cloud  of  80%  or  greater  and  mean  IR  values  of  less  than  275  W/m2.  Both  plots  are  similar 
and  depict  the  expected  results  in  two  regards.  First,  for  low  amounts  of  cloud,  the  cloud- 
free  IR  chosen  is  close  to  the  cloudy  IR  value  measured.  The  result  is  a  small  value  of  AIR. 
Second,  in  situations  of  large  amount  of  cloud  cover,  the  determined  cloud-free  IR  values  are 
larger  than  the  actual  measured  IR  resulting  in  a  large  value  for  AIR.  However,  data  points 
representing  low  IR  and  large  cloud  amounts  indicate  that  for  a  large  amount  of  cloud  cover, 
the  difference  between  cloudy  and  cloud-free  IR  values  is  small.  Recall  that  over  the  cloudy 
tropical  regions  there  is  a  large  amount  of  total  cloud  with  a  small  variation,  but  there  is 
also  a  large  amount  of  high  cloud  with  a  large  variation.  When  the  high  cloud  amount  is 
small,  this  allows  for  the  satellite  to  view  the  mid  and  low  level  clouds.  As  discussed  in 
Chapter  5,  these  lower  altitude  clouds  contribute  a  large  IR  flux  to  space  due  to  their  high 
temperatures.  Therefore,  when  high  cloud  amount  is  small  and  lower  altitude  cloud  cover  is 
still  large,  the  difference  between  cloud-free  IR  and  cloudy  IR  is  small.  There  is  no  apparent 
difference  between  the  cloudy  land  and  cloudy  ocean  area. 

Figure  6.3  shows  the  correlation  of  total  cloud  and  AIR  for  seasonally  “clear”  regions 
over  the  Pacific  Ocean.  Figure  6.4  shows  this  correlation  for  cloud-free  regions  over  the 
desert  of  northern  Africa.  Of  course,  these  regions  are  not  always  dear  of  all  doud  cover. 
They  are  characterized  by  a  seasonal  amount  of  total  doud  of  less  than  20%.  In  both 
figures,  it  is  evident  that  the  correlation  between  the  two  Adds  results  in  a  duster  of 
points  depicting  low  doud  amounts  in  relation  to  small  AIR  values.  Since  these  areas 
are  characterized  by  low  amount  of  doud  cover,  the  chosen  maxi  mum  IR  is  very  near  the 
maximum  possible  value  over  the  areas.  This  results  in  the  small  AIR  values  for  most  of 
the  cases.  The  regression  diagram  over  the  ocean  area  depicts  that  there  is  also  a  small  AIR 
value  for  times  of  increased  doud  cover  over  the  dear  regions.  This  is  a  result  of  occasional 
intrusion  of  low  levd  doud  into  the  area,  and  as  expected,  it  has  little  or  no  effect  on  the 
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IR.  The  scatter  plot  of  the  dear  region  over  land  indicates  not  only  the  presence  of  low 
doud  amount  corresponding  to  a  small  AIR  but  also  occasional  occurences  of  high  doud 
with  an  antidpated  decrease  in  doudy  IR  and  hence  large  IR  values. 

The  third  area  of  interest  for  this  study  is  an  area  of  transition  between  doudy  and  dear 
regions.  Recall  that  these  areas  of  middle  range  amounts  of  total  doud  cover  is  characterized 
by  a  large  standard  deviation  of  doud  and  large  standard  deviation  of  IR.  These  areas  are 
also  characterized  by  a  large  amount  and  standard  deviation  of  high  doud.  Figure  6.5  is 
the  scatter  diagram  betweeen  total  doud  and  AIR  over  the  Indian  Ocean,  and  Figure  6.6 
over  central  Africa.  In  both  cases,  the  trend  of  a  positive,  linear  corrdation  is  evident.  For 
small  amounts  of  doud  cover,  the  calculated  maximum  IR  dosely  correlates  to  the  doudy 
values,  while  for  a  large  amount  of  doud  the  differences  between  doud-free  and  doudy  IR 
values  is  large.  Hence,  the  effect  of  douds  on  the  IR  at  the  top  of  the  atmosphere  is  highly 
variable  over  these  transition  regions  ranging  from  nearly  zero  for  small  amounts  of  doud 
to  greater  than  175  W/m2  for  overcast  conditions. 


7.0  CONCLUSION 
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Past  studies  of  the  relationship  between  cloud  and  radiation  parameters  have  produced 
some  uncertain  results.  Continued  studies  of  cloud  and  radiation  parameters  are  needed 
to  provide  a  more  complete  understanding  of  the  role  clouds  play  in  climate  processes  and 
possible  climate  changes  and  to  aid  development  of  climate  models.  Cloud  and  radiation 
data  have  been  obtained  simultaneously  from  separate  instruments  aboard  the  NIMBUS  7 
satellite  with  the  intent  of  improving  earlier  results.  In  my  study,  I  have  analyzed  separately 
the  fields  of  total  cloud,  high  cloud,  IR,  and  finally,  have  presented  a  correlation  between 
the  cloud  and  IR  parameters.  The  following  conclusions  from  this  study  were  made. 

7.1  Seasonal  Mean  Cloud 

Examination  of  the  seasonal  mean  field  of  total  cloud  defines  the  ITCZ  by  a  band  of 
TnayimiiTn  cloud  which  shifts  from  one  hemisphere  to  the  other  following  the  interannual 
variability  of  the  sun.  Due  to  the  intense  convective  activity  of  the  ITCZ,  moisture  pene¬ 
trativeness  into  high  altitues  and  is  depicted  as  a  shield  of  high  cloud  over  the  ITCZ. 

The  subtropical  regions  are  defined  by  a  minimum  of  both  total  cloud  and  high  cloud. 
These  regions  contain  the  subtropical  anticyclones  and  desert  areas,  both  which  rely  on 
massive  subsidence  to  balance  the  atmosphereic  energy.  The  result  is  a  dry  mg  of  the 
atmosphere. 

The  middle  latitudes  of  the  SH  depict  a  zonal  pattern  of  total  and  high  cloud  in  winter 
and  summer  due  to  the  presence  of  a  large  ocean  mass.  However,  in  the  NH  where  there  is  a 
greater  land  to  ocean  ratio,  the  winter  storm  tracks  emerge  as  an  area  of  larger  toted  cloud 
amount.  There  is  a  large  percentage  of  both  total  and  high  cloud  defining  the  Aleutian  and 
Icelandic  Lows. 
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7.2  Seasonal  Standard  Deviation  of  Cloud 

The  standard  deviation  fields  indicate  that  for  regions  characterized  by  a  large  amount 
of  total  cloud  or  a  small  amount  of  total  cloud,  the  variation  in  cloud  is  also  small.  That  is, 
cloudy  areas  tend  to  remain  cloudy  and  clear  regions  tend  to  remain  clear  for  the  duration  of 
the  season.  Large  standard  deviations  define  the  cloud  transition  zones  between  maximum 
and  minimum  centers  of  total  cloud  where  the  gradient  of  cloud  amount  of  large. 

The  standard  deviation  field  for  high  cloud  shows  that  the  ITCZ  regions,  where  high 
doud  amount  is  large,  are  also  defined  by  a  large  standard  deviation  of  high  cloud  due 
to  the  large  variability  of  convective  activity.  The  subtropical  regions  of  small  amount  of 
high  doud  depict  a  small  standard  deviation.  Middle  latitudes  show  a  slight  increase  of 
high  doud  variation  from  summer  to  winter  due  to  the  variability  of  the  advective  storm 
systems. 

7.3  Seasonal  Mean  of  IR 

The  seasonal  mean  of  IR  reveals  that,  as  in  the  doud  field,  the  location  of  the  ITCZ 
emerges  along  the  equator.  It  is  defined  by  a  band  of  minimum  IR  values  due  to  the  large 
amount  of  high  doud  emitting  low  values  of  radiation  corresponding  to  their  low  radiative 
temperatures.  In  the  subtropics,  where  doud  cover  is  small,  the  IR  values  are  large  especially 
over  the  SH  anti-cydones  and  NH  deserts  in  summer.  These  large  values  are  a  result  of  the 
large  surfa.  ^  temperatures.  In  the  middle  latitudes  the  IR  pattern  reflects  the  north-south 
gradient  of  surface  tempeure  in  the  winter.  It  does  not  reflect  the  expected  low  IR  areas 
assodated  with  winter  storm  tracks  as  the  amount  of  high  doud  is  only  rdativdy  large. 
Therefore,  the  IR  emitted  is  a  strong  function  of  the  surface  temperature. 

7.4  Seasonal  Standard  Deviation  of  IR 

The  standard  deviation  fields  of  IR  show  that  the  ITCZ  area  is  defined  by  large  values 
responding  to  the  large  variation  of  high  doud.  The  subtropical  areas  of  large  IR  are 
characterized  by  small  values  of  standard  deviation  as  these  areas  are  defined  by  low  amount 


of  high  cloud.  The  middle  latitudes  are  not  well  defined  by  the  IR  standard  deviation  field, 
but  relatively  large  values  emerge  along  the  winter  storm  track  in  both  hemispheres. 

7.5  Regression  Analyses  of  IR  vs.  High  Cloud 

Examination  of  regression  analyses  between  the  mean  fields  of  high  cloud  and  IR  indicate 
the  expected  negative  correlation  for  a  portion  of  the  graph.  These  points  represent  the 
low  latitudes  where  there  is  a  strong  signal  between  high  cloud  and  IR.  Low  values  of  IR 
corresponding  to  a  large  amount  of  high  cloud  cover  emerge  from  the  ITCZ  regions.  The 
IR  emitted  to  space  from  this  cloud  region  is  a  function  of  the  low  temperature  of  the  cloud 
tops.  Large  values  of  IR  corresponding  to  a  small  amount  of  high  cloud  emerge  from  the 
dry  subtropical  regions  where  the  large  IR  values  are  a  result  of  the  transfer  of  radiation 
directly  from  the  surface  with  very  little  interference  from  cloud  cover.  An  interesting  second 
"branch”  emerges  in  the  diagram  indicating  low  IR  values  associated  with  low  amounts  of 
high  cloud.  These  points  represent  the  middle  latitudes  where,  even  without  a  large  amount 
of  high  cloud,  the  IR  values  are  low  due  to  radiation  being  emitted  from  the  cooler  land 
surfaces. 

The  standard  deviation  fields  between  IR  and  high  cloud  indicate  a  positive  correlation 
beteen  IR  and  high  cloud  for  the  low  latitudes.  Areas  of  large  variation  of  IR,  the  ITCZ, 
are  responding  to  the  large  variation  in  high  cloud  amount  associated  with  the  convective 
activity.  The  dry  subtropical  areas  are  characterized  by  a  small  variation  of  IR  responding 
to  a  small  standard  deviation  of  high  cloud.  A  “bulge”  of  data  points,  disrupting  the  linear 
trend,  emerge  from  the  middle  latitudes  where  the  standard  deviation  of  high  cloud  responds 
to  the  variability  of  high  cloud.  But  the  IR  standard  deviation  responds  to  the  variability 
of  IR  emitted  from  the  surface  as  well  as  from  the  high  cloud. 

% 

7.6  Regression  Analyses  of  Total  Cloud  IR  vs.  Total  Cloud 

To  study  the  amount  of  IR  emitted  from  the  cloud  cover  itself  (AIR),  the  difference 
between  the  maximum  IR  values,  corresponding  to  days  of  minimum  total  cloud  cover, 
and  measured  IR  values  was  computed.  Regression  analyses  between  IR  and  total  cloud 
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for  cloudy  regions  in  low  latitudes  indicate  the  expected  positive  correlation  for  low  AIR 
corresponding  to  low  cloud  amount  and  vice  versa.  Data  points  corresponding  to  low  IR  and 
large  amounts  of  cloud  also  emerge  on  occasions  when  high  cloud  amount  is  small  (small 
AIR)  but  the  lower  altitude  cloud  amount  is  still  large. 

Correlation  between  total  cloud  and  AIR  in  clear  regions  depict  a  cluster  of  points 
corresponding  to  small  cloud  amount  and  small  AIR.  This  arises  due  to  the  small  variations 
in  cloud  cover  and  hence  a  small  variation  of  IR  over  the  region.  That  is,  the  chosen 
maximum  IR  value  is  observed  most  of  the  time. 

Finally,  the  correlation  between  AIR  and  total  cloud  indicates  a  nearly  linear  positive 
correlation  for  regions  of  transition  between  maximum  and  minimum  cloud  cover.  These 
areas  are  characterized  by  a  large  variation  in  cloud  cover  and  IR.  The  characteristic  large 
variation  in  cloud  cover  and  IR  allows  for  the  maximum  IR  chosen  to  be  well  representative 
of  a  maximum  IR  value. 

7.7  Summary 

This  research  has  been  an  observational  study  of  the  cloud  and  radiation  data  originating 
from  different  instruments  aboard  the  NIMBUS  7  satellite.  There  have  been  extensive,  yet 
separate,  studies  performed  by  different  groups  of  scientists  with  each  of  these  data  sets.  I 
have  merged  these  two  sets  of  data  to  derive  a  new  data  set  of  various  measurements  for  cloud 
and  longwave  radiation  in  contribution  to  the  climatology  of  cloud-radiation  processes. 

Use  of  quantitative  and  qualitative  validation  methods  (Chapter  2)  proved  the  NIMBUS 
7  cloud  data  to  be  an  accpetable,  good  set  of  data.  My  global  analyses  of  cloud  cover 
(Chapter  3)  proved  this  data  to  be  meteorologically  sound  with  respect  to  climatological 
positions  synoptic  features.  But  how  well  does  this  cloud  data  compare  to  past  cloud 
climatologies?  It  must  first  be  considered  that  differences  will  occur  due  to  the  fact  that  the 
data  set  used  covers  only  one  year  of  data  while  climatologies  are  prepared  using  many  years 
of  information.  A  general  comparison  to  the  climatologies  presented  by  Clapp  (1964),  Sadler 
(1969),  and  Becker  (1979)  provided  good  results  with  the  following  similarities  observed: 
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a.  areas  of  very  clear  skies  over  continental  desert  regions  associated  with  the  subsidence 
branch  of  the  Hadley  Cell; 

b.  a  broad  area  of  maximum  cloudiness  over  India  and  Southeast  Asia  during  July  with 
a  southward  shift  and  decreased  aerial  coverage  of  the  convection  for  January; 

c.  identification  of  the  Aleutian  and  Icelandic  vortices  by  maTfimiim  cloud  amount  with 
seasonal  variation  in  size  and  latitudinal  location; 

d.  a  zonal  distribution  of  cloud  in  the  SH  middle  latitudes  with  small  seasonal  change; 
and 

e.  uncertainty  of  cloud  estimates  in  the  polar  regions  of  both  hemispheres  due  to  lack  of 
data  or  snow/ice  coverage. 

The  most  important  result  emerging  from  this  study  has  been  the  differences  between 
the  low  and  middle  latitudes  when  relating  IR  and  cloud  parameters.  In  the  low  latitudes 
where  incoming  solar  radiation  is  most  intense,  well  developed  maximum  and  minimum 
centers  of  high  cloud  develop.  The  outgoing  IR  responds  to  the  large  difference  in  the  ra¬ 
diative  temperatures  of  the  two  areas  resulting  in  a  clear  linear  correlation  between  IR  and 
high  cloud  for  these  latitudes.  However,  in  the  middle  latitudes  incoming  solar  radiation  de¬ 
creases  with  increased  latitude,  and  maximum  and  minimum  centers  of  high  cloud  become 
less  defined.  The  outgoing  IR  tends  to  be  more  responsive  to  the  north-south  tempera¬ 
ture  gradient.  The  result  is  a  more  complex  relationship  between  ER  and  high  cloud  with 
quantitative  studies  producing  nonlinear  and/or  multiple  correlations  between  the  fields. 

7.8  Suggestions  for  Future  Research 

The  cloud  and  radiation  data  sets  from  the  NIMBUS  7  satellite  provide  the  opportunity 
for  further  interesting  research  outside  the  scope  of  this  thesis.  The  cloud  data  can  be  used 
to  present  an  in-depth  cloud  climatology  with  a  comparison  to  others  presented  in  the  past, 
especially  to  those  derived  with  satellite  data. 

A  study  of  the  tropical  convective  precipitation  pattern  as  it  related  to  cloud  amount 
should  be  studied.  Use  of  a  ratio  of  high  cloud  to  total  cloud  amount  can  provide  infor- 
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mation  in  determining  the  onset  of  convective  activity.  The  tropical  convective  areas  also 
provide  the  opportunity  to  compare  the  relationship  between  the  energy  associated  with 
precipitation  and  radiation,  i.e.,  the  latent  heat  release  associated  with  the  precipitation 
and  IR  emitted  to  space. 

The  middle  latitudes,  although  somewhat  complex,  can  provide  an  interesting  study  of 
the  variability  of  IR  to  that  of  high  cloud.  Also,  a  comparison  between  the  NH  and  SH 
can  be  performed  providing  information  and  perhaps  a  better  understanding  of  the  energy 
balance  within  this  latitude  region  and  the  differences  between  processes  in  each  hemisphere. 

If  in  tropical  regions  it  is  assumed  that  the  net  IR  at  the  surface  is  constant  in  time,  use 
of  the  IR  and  high  cloud  data  can  provide  information  on  the  tropospheric  cooling.  Also, 
daily  and  seasonal  variability  of  this  cooling  and  the  contribution  of  the  cooling  variance 
due  to  clouds  can  be  studied. 
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APPENDIX  A 


TIME  SERIES  OF  HIGH  CLOUD: 

The  variation  in  time  of  the  zonally  averaged  high  cloud  (Figure  A.l)  strongly  reflects 
that  of  the  total  cloud  cover.  The  most  prominent  feature  of  this  time  series  is  the  tight 
gradient  over  the  high  latitude  regions  of  the  NH  from  Sep  through  May  associated  with  a  I 

maximum  cloud  amount.  As  explained  in  the  previous  section,  this  is  a  result  of  the  very 
cold  surface  temperatures  being  interpreted  as  cloud  cover.  In  this  time  series,  it  is  seen 
that  the  majority  of  the  cloud  is  interpreted  to  be  high  cloud  due  to  such  low  temperatures. 

The  high  cloud  associated  with  the  ITCZ  is  evident  positioned  in  the  SH  Dec  through 
Mar  and  in  the  NH  the  remainder  of  the  year.  More  than  20%  of  the  ITCZ  is  shown  to  be 
covered  with  high  cloud  (60%  to  70%  is  total  cloud).  This  is  a  result  of  the  cumulonimbus 
rising  into  high  altitudes  and  spreading  into  extensive  cirrus  shields. 

The  NH  middle  latitues  are  characterized  by  a  relative  maximum  of  high  cloud  during 
most  of  the  year.  The  slight  decrease  observed  Feb  through  May  north  of  50°N  is  the  result 
of  the  anticyclone  which  forms  over  the  land  masses  at  these  latitudes.  In  the  SH  middle 
latitudes,  there  is  little  variation  in  time  of  high  cloud  amount. 

As  expected,  high  cloud  over  the  subtropics  is  minimal.  This  minimum  is  most  clearly 
defined  during  the  winter  seasons  when  the  ITCZ  moves  into  the  summer  hemisphere.  Since 
the  subtropical  anticyclones  are  more  intense  during  the  summer,  it  may  be  expected  that 
this  cloud-free  region  be  more  pronounced  during  this  season.  However,  the  monsoon  is 
also  more  intense  with  its  high  cloud  cover  spreading  into  the  subtropical  latitudes  during 
the  winter.  As  a  result  of  zonal  averaging,  the  boundries  of  the  subtropical  regions  become 
less  pronounced  during  the  summer. 


Time-latitude  cross  section  of  zonally  averaged  high  cloud  amount, 


APPENDIX  B 

TIME  SERIES  OF  MIDDLE  CLOUD: 

The  time  series  for  the  middle  (mid)  cloud  (Figure  B.l)  is  somewhat  identical  to  that 
for  the  high  cloud  with  a  mron-rmim  amount  of  cloud  identifying  the  ITCZ  (>39%)  and 
middle  latitudes  and  a  minimum  in  the  subtropics.  However,  there  is  one  very  apparent 
difference.  The  time  period  during  which  the  high  latitude  regions  of  the  NH  was  covered 
with  high  cloud  is  shown  to  be  a  minimum  for  mid  cloud.  As  discussed  in  sections  3.1.1  and 
3.1.2,  the  satellite  is  detecting  high  cloud  in  this  region  due  to  the  low  temperatures,  and 
no  temperature  high  enough  to  be  classified  as  mid  or  low  cloud  is  detected  in  the  polar 
atmosphere. 
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APPENDIX  C 

TIME  SERIES  OF  LOW  CLOUD: 

The  low  cloud  time  series  (Figure  C.l)  depicts  a  minimum  of  cloud  cover  over  the  ITCZ, 
the  region  characterized  by  a  large  amount  of  high  and  mid  cloud.  Even  though  a  significant 
amount  of  low  cloud  does  prevail  within  the  ITCZ,  the  intense  convective  buildup  of  multi¬ 
layered  clouds  acts  to  obstruct  the  satellite’s  view  of  the  low  level  cloud.  The  smallest  cloud 
amounts  exist  in  the  region  of  the  NH  ITCZ  (<10%)  during  the  period  Jim  through  Dec. 
However,  this  characteristic  is  not  evident  in  the  SH  summer  over  the  ITCZ  region.  This  is 
due  to  increased  higher  altitude  clouds  during  the  NH  summer  monsoon  when  convection 
within  the  ITCZ  is  at  its  maximum  over  the  southeast  Asia. 

Due  to  the  extreme  minimum  over  the  NH  ITCZ,  there  is  the  impression  of  increased 
low  cloud  amount  in  the  subtropical  regions.  Middle  latitudes  of  the  SH  depict  a  low  cloud 
maximum  (>20%)  throughout  the  duration  of  the  time  series,  while  the  NH  middle  latitudes 
are  depicted  by  low  cloud  of  less  than  20%. 


